In order to increase significantly the discriminatory potential of Y-STR systems available to the forensic community, we have developed and validated a 21-locus Y-STR multiplex system. Since the system was designed specifically to augment the European Y chromosome typing community's "minimal haplotype" Y-STR set (MHL) for forensic casework, it contains a novel constellation of markers not contained therein. The system, which we refer to as Multiplex IV (MPIV), permits the co-amplification of DYS 443, DYS 444, DYS 445, DYS 447, DYS 448, DYS 449, DYS 452, DYS 453, DYS 454, DYS 455, DYS 456, DYS 458, DYS 463, DYS 464, DYS 468, DYS 484, DYS 522, DYS 527, DYS 531, DYS 557, and DYS 588. Although the multiplex contains 21 Y-STR loci, of which one is bi-local and one is tetra-local, there are actually 25 sites exhibiting allelic variation, and this has prompted us to use the descriptor "megaplex" to describe the system. This report describes a number of performance checks that were employed to characterize the system including sensitivity, specificity, discriminatory capacity, and nonprobative casework studies. Although 1 ng of male DNA was found to be the optimal amount of input template, a complete 21-locus profile was obtained with as little as 50 pg of male DNA (i.e., ∼8 to 9 diploid cells). The specificity of the system was demonstrated by the lack of significant female DNA derived artifacts when tested using either 300 ng of female DNA alone or an admixture of male/female DNA in which the female component was present in a 100-fold excess. The ability of the system to determine the number of male donors was demonstrated by testing different admixtures of DNA at different ratios from two male donors. Cervicovaginal samples taken up to 48 h post coitus yielded a complete 21-locus Y-STR profile of the semen donor, thus confirming the potential utility of the system for forensic casework. Preliminary estimates of the gene diversity (h) of the individual loci for the Caucasian and African-American population indicated that 15 of the 21 loci possessed an h of ≥0.5 in at least one population. Multi-locus haplotype analysis revealed that the 21-plex system could augment the use of the minimal haplotype loci and increase significantly the discriminatory capacity of Y-STR analysis.
The unique biology of the genetic markers present on the nonrecombining region of the Y chromosome has resulted in their widespread use in determining patrilineal relationships within and between populations to aid in the understanding of human migration and evolution (1, 2) . More recently, subsets of such genetic markers, namely Y-chromosome microsatellites or short tandem repeats (STRs), have been incorporated into a variety of multiplex PCR assays for potential forensic casework applications (3) (4) (5) (6) (7) . Their intended use is not to supplant the current battery of autosomal STR loci, but to apply them to certain defined casework situations whereby the traditional autosomal loci would not be expected to yield sufficient probative information. For example, Y-STRs can be particularly useful when trying to determine the genetic profile of the male donor in a male/female DNA admixture when the female DNA component is present in vast excess (e.g., ≥100 x) and when traditional autosomal STR analysis fails or is not possible (8) (9) (10) (11) (12) .
Autosomal STR analysis may not be possible if the sample contains a male/female mixture of body fluids other than semen, such as in saliva/saliva mixtures, saliva/vaginal secretion mixtures, or fingernail scrapings with cells from the perpetrator. In these types of samples a differential extraction to separate the male and female cells is not possible (unlike sperm-containing samples), and the male component will not be detectable with the PCR-based autosomal STR systems routinely used. This is due to the kinetics of the PCR process itself, which does not permit minor components to be detected at low levels (i.e., ≤1/20) because of titration of critical reagents by the major component (11) . Autosomal STR analysis may also fail with some semen containing samples in which the sperm are present in very low copy number or are present in an extremely fragile state, such as in extended interval (i.e., >48 h) post-coital samples. Differential extraction of these particular samples may yield no profile from the male donor due to a combination of premature lysis of the sperm's cellular constituents into the nonsperm fraction and to sperm loss during the physical manipulations required of the DNA isolation process.
A set of nine Y-STR loci, commonly referred to as the "minimal haplotype loci" set (MHL), were recommended for forensic use by the European Y chromosome typing community (2) . The MHL loci have proved to be a particularly robust set of genetic markers and have been successfully employed in casework analysis (8) (9) (10) (11) (12) . Despite their utility, however, additional Y-STR loci are required in order to improve the discriminatory capacity of the MHL. For example, MHL analysis of 1,705 individuals (599 African Americans,
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628 European Americans, and 478 Hispanics) by the custodians of an online MHL U.S. database demonstrated that these individuals collectively possessed 1,116 different haplotypes, a discriminatory capacity of approximately 65%, where discriminatory capacity equals the number of individuals/number of different haplotypes (3) . Approximately 20% (n = 220) of the 1,116 haplotypes were observed more than once, with the most common haplotype being found in 3% (n = 53) of individuals.
Although more than 150 STR loci have been described on the Y chromosome, a limited number of additional non-MHL have been incorporated into multiplex systems (13) (14) (15) (16) . These multiplex systems, which normally incorporate all or most of the MHL, have undergone varying degrees of performance checks to ascertain their suitability for routine use. Yet even fewer have undergone the extensive developmental validation exercises required by national standards prior to their use in forensic casework.
In the present work, we have designed, developed, and tested a novel 21-locus Y-STR multiplex system that, although not incorporating any of the MHL, was designed to augment their use by providing significant additional discriminatory power. This report describes the results of a number of performance checks used to characterize the system including sensitivity, specificity, nonprobative casework, and population studies.
Methods

Preparation of Body Fluid Stains
Body fluids were collected from volunteers using procedures approved by the University of Central Florida's Institutional Review Board. Buccal samples were collected from donors using sterile swabs by swabbing the inside of the donor's mouth. Neat semen samples were provided in sealed plastic tubes and were stored frozen until they were dried onto sterile cotton swabs. Post-coital cervicovaginal swabs were taken from female participants at various specified time periods subsequent to sexual intercourse. Population samples for gene diversity and multi-locus discriminatory capacity studies were obtained from the Virginia Division of Forensic Science (bloodstains), Richmond, VA, Connecticut State Police Forensic Science Laboratory (DNA extracts in ethanol), Waterbury, CT, the South Dakota Crime Laboratory (bloodstains), and the Minnesota Bureau of Criminal Apprehension (DNA extracts). All samples were stored at −20
• C until needed.
DNA Isolation and Purification
DNA was extracted from the buccal swabs, semen swabs, and the post-coital cervicovaginal samples using a standard phenol:chloroform method (17) . Stains or swabs were cut into small pieces and placed into a Spin-Ease tube (Gibco-BRL, Grand Island, NY). The tubes were incubated overnight in a 56
• C water bath using 400 µL of DNA Extraction Buffer (100 mM NaCl, 10 mM TrisHCl, pH 8.0, 25 mM EDTA, 0.5% SDS), 0.1 mg/mL Proteinase K, and 10% 0.39 M DTT (added to semen containing samples). After the overnight incubation, swab or stain fabric was placed into a Spin-Ease basket, the basket inserted back into the original tube, and the samples centrifuged at 14,000 g for 5 min to remove the absorbed fluid from the swab material. A volume of phenol/chloroform/isoamyl alcohol equal to the volume of the crude extract was added and vigorously intermixed by shaking. The aqueous layer containing the DNA was removed. Precipitation of the DNA was accomplished by the addition of cold absolute ethanol (two and a half times the volume of the aqueous layer extract) and allowed to progress overnight at −20
• C. The DNA was pelleted by centrifugation, washed twice using 70% ethanol, and resolubilized with 100 µL of TE −4 (10 mM Tris-HCl, 0.1 mM EDTA, pH 7.5) overnight at 56
• C.
Differential Cell Lysis for the Recovery of Sperm DNA
Sperm and nonsperm cells were separated using a standard differential lysis protocol, with minor modifications (18) . Post-coital cervicovaginal swabs were incubated overnight at 37
• C in 400 µL of DNA extraction buffer (100 mM NaCl, 10 mM Tris-HCl, 25 mM EDTA, 0.5% SDS) and 0.1 mg/mL Proteinase K. Swab remnants were removed to a Spin-Ease basket, the basket inserted back into the original tube, and centrifuged at 14,000 g for 5 min. The resulting supernatant, containing the nonsperm DNA fraction, was removed into a separate tube for further analysis. The sperm pellet was resuspended in 400 µL of DNA extraction buffer, 0.1 mg/mL Proteinase K, and 40 µL of 0.39 M DTT and incubated for 1 h at 56
• C. DNA from both the sperm and nonsperm fractions was isolated and purified using the phenol : chloroform method described above.
DNA Isolation and Purification of Dried Blood Samples
The dried bloodstains were incubated overnight at 56
• C in 400 µL of DNA extraction buffer (100 mM NaCl, 10 mM Tris-HCl, 25 mM EDTA, 0.5% SDS) and 0.1 mg/mL Proteinase K. The swab pieces were placed into a Spin Ease basket and centrifuged at 14,000 g for 5 min. An equal volume of phenol/chloroform/isoamyl alcohol was added to the crude extract. The aqueous phase extracts containing the DNA were purified using Centricon 100 TM concentrators (Millipore, Bedford, MA) according to the manufacturer's instructions.
DNA Quantitation
DNA was quantitated using ethidium bromide induced fluorescence on a 1% agarose yield gel, using a reference set of DNA standards of known concentration (19) .
Standard PCR Conditions
Standard Reaction-Optimization of the multiplex system resulted in a set of standard conditions. The 25-µL reaction mix contained: 3 ng of template DNA, 0.07 to 0.50 µM primers (see below), 250 µM dNTPs, 1X PCR Buffer II (10 mM Tris-HCl, pH 8.3, 50 mM KCl), 1.5 mM MgCl 2 , and 2.0 units of AmpliTaq Gold DNA Polymerase (Applied Biosystems, Foster City, CA).
Primers-Primer sequences were obtained from published sources, the Human Genome Database (20), or re-designed using Oligo 6 Primer Analysis Software (Lifescience Software Resource, Long Lake, MN). The forward or reverse primer at each locus was labeled with a fluorescent phosphoramidite dye (Applied Biosystems or Invitrogen, Grand Island, NY). Table 1 lists the primer sequences and associated dye labels. The primer concentrations were as follows: DYS 588-0.072 µM; DYS 455-0.16 µM; DYS 447-0.12 µM; DYS 448-0.36 µM; DYS 527-0.20 µM; DYS 458-0.08 µM; DYS 484-0.16 µM; DYS 557-0.18 µM; DYS 445-0.10 µM; DYS 449-0.12 µM; DYS 453-0.18 µM; DYS 454-0.36 µM; DYS 464-0.14 µM; DYS 444-0.18 µM; DYS 522-0.50 µM; DYS 531-0.12 µM; DYS 456-0.12 µM; DYS 452-0.45 µM; DYS 463-0.18 µM; DYS 443-0.12 µM; DYS 468-0.38 µM.
Cycling Conditions-(1) 95
• C for 11 min, (2) 32 cycles: 96
• C for 30 s, 50
• C for 45 s, 72
• C for 45 s, and (3) final extension at 72
• C for 120 min. PCR Product Detection-Amplified fragments were detected with the ABI Prism 310 Genetic Analyzer capillary electrophoresis system (Applied Biosystems). A 0.5-µL aliquot of the amplified product was added to 12 µL of deionized formamide (Amresco, Solon, OH) and 0.2 µL of GeneScan 500 LIZ internal lane standard (Applied Biosystems). Tubes containing the above were heated at 95
• C for 3 min and snap-cooled on ice for 3 min. Samples were injected using Module G (5-s injection, 15 kV, 60
• C) and analyzed with GeneScan Analysis Software v3.7 using Filter Set G (Applied Biosystems).
Minimal Haplotype Loci (MHL) Analysis-MHL analysis was carried out as described previously (21).
Multiplex System Performance
Multiplex Sensitivity-Different input quantities of template male DNA were tested using the standard MPIV reaction conditions. The amounts tested were: 50 pg, 100 pg, 125 pg, 150 pg, 200 pg, 250 pg, 500 pg, 1 ng, 3 ng, 5 ng, 10 ng, and 100 ng.
Specificity-To evaluate possible female DNA cross-reactivity, DNA from female volunteers was tested using the following amounts: 3 ng, 30 ng, 300 ng, and 1 µg.
Mixture Studies
(1) Male/Female: 3 ng of male DNA was co-amplified with increasing amounts of female DNA in the following ratios: 1/2 (3 ng of male DNA/3 ng of female DNA); 1/10 (3 ng of male DNA / 27 ng of female DNA); 1/100 (3 ng of male DNA/297 ng of female DNA). (2) Male/Male: DNA from two individual males was combined in the following ratios, 1/2, 1/3, 1/6, and 1/12. In each case 3 ng of the admixed DNA was tested.
Nonprobative Casework
Post-coital cervicovaginal swabs were taken from a female participant at various time intervals after sexual intercourse (immediately (0 h) and 12, 24, 36, and 48 h). Only one set of swabs was taken after an individual act of sexual intercourse to ensure that the amount of
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FIG. 1-Multiplex IV (MPIV). Twenty-one Y-STR loci are co-amplified in a single reaction, separated by capillary electrophoresis, and displayed as an electropherogram. The x-axis represents fragment size (bp) and the y-axis represents signal intensity (relative fluorescence intensity, RFU). Each locus is labeled with a fluorescent dye: top channel-6-FAM (blue); second channel-VIC (green); third channel-NED (yellow); bottom channel-PET (red).
semen present at the time was not affected by prior removal of sample. Two swabs were taken at each time interval and DNA isolated as described above. One of the swabs was extracted using a differential extraction method to separate the sperm and nonsperm fractions.
Population Studies
Descriptive Statistics-All data were checked for duplicate samples. A small number of duplicate samples (n = 4) were removed from the dataset after confirmation by the submitting laboratory of their duplicate status by autosomal STR analysis. The following formulae were used: (1) discriminatory capacity = number of individuals/number of different haplotypes; (2) gene diversity (h), equivalent to the expected frequency of heterozygotes with autosomal diploid loci, was calculated as (n/(n − 1)) × (1 − p 2 i ), where p i = allele frequency at the ith locus (22) .
Results and Discussion
Description of Y-STR Multiplex System
A candidate set of loci with compatible annealing temperatures and appropriate amplicon size were identified by scanning the >150 non-MHL Y-STRs in the Human Genome Database (GDB) (20). A 21-locus subset was successfully incorporated into a single multiplex system, which is referred to as Multiplex IV (MPIV) since previous multiplex Y-STR systems developed in our laboratory are referred to as MPI, MPII (Fig. 1) . Although the multiplex system contains 21 Y-STR loci, it comprises a total of 25 sites exhibiting allelic variation (since one locus is bi-local and one is tetra-local), which has prompted the use of the descriptor "megaplex" to denote the system. DYS 527 is the incorporated bi-local locus, whereas DYS 464 is the tetra-local locus in which each individual can possess up to four of nine common alleles (16) .
The MPIV primer sequences (see Table 1 ) were obtained from the GDB (20) with the exception of DYS 468, which had to be re-designed to eliminate artifacts. The resulting DYS 468 amplicon was 12 bp longer than that obtained from using the GDB primer sequences.
Multiplex Optimization
The MPIV PCR reaction conditions were optimized by altering the concentration of critical reagents and the thermocycling conditions and using both male (3 ng) and female (300 ng) DNA as input template. This resulted in the determination of a set of standard reaction conditions described in the Methods Section.
Multiplex Performance
Sensitivity-A novel system developed for forensic use needs to be able to produce a profile with sub-nanogram quantities of template DNA. To test the sensitivity of the MPIV system, various amounts of template male DNA were amplified, ranging from 50 pg to 100 ng. Although 1 to 3 ng of DNA gave optimal signal intensity and inter-locus balance, a full 21-locus male haplotype was obtained with as little as 50 pg of male template DNA (Fig. 2) , which is equivalent to approximately 8 to 9 diploid cells (24) . The amplification with 50 pg of template DNA was repeated two additional times to ensure that the sensitivity of this multiplex was reproducible. Each of the three amplifications produced full 21-locus male haplotypes (with a >100 RFU threshold). With higher amounts of template DNA, 10 to 100 ng, there was an emergence of nonspecific products, particularly in the green (VIC) and yellow (NED) channels. Specificity-A significant benefit of using Y-STR multiplex systems is the specific amplification of the male DNA component of an admixed male/female DNA sample, such as occurs in biological stains recovered during sexual assault investigations. Although there is little genetic recombination between the X and Y chromosomes, a degree of homology exists between both chromosomes due to their common evolutionary history (25) . One of the main design objectives of Y-STR multiplex systems is to incorporate primers with enough specificity to ensure preferential amplification of Y-chromosome sequences, thus minimizing or eliminating any interference from the X chromosome. Without such specificity, X chromosome derived artifacts could confound analysis by their co-migration with bona fide Y-STR alleles and could reduce analytical sensitivity by titration of critical PCR reagents. Loci were chosen as candidates for incorporation into MPIV only after BLAT searches were performed on their primer sequences to determine the extent of homology with the X chromosome or with any other locations in the genome (26).
To assess female DNA cross reactivity, MPIV was tested with increasing quantities of female DNA (3 to 1000 ng). MPIV proved to be highly specific for the Y chromosome in that no significant female DNA products were observed up to 300 ng of female DNA (Fig. 3A) . However, a number of artifacts of low signal intensity began to appear with increased quantities of female DNA (>300 ng), although most were not located within the allelic ranges of any of the MPIV loci. One yellow channel artifact, however, was produced by increased quantities of female DNA (300 ng) and was located at the extreme end of the DYS 444 allelic range (Fig. 3A) .
Mixtures
Male/Female-To test the ability of MPIV to determine the genetic profile of the male donor in the presence of large quantities of female DNA, a situation which is more akin to bona fide forensic casework, a series of samples were prepared in which 3 ng of male DNA was admixed with varying quantities of female DNA and the total admixture amplified in a single reaction. A full 21-locus Y-STR profile was obtained when the male DNA component comprised 1/2, 1/10th, and 1/100th (Fig. 4) of the total. A monomorphic artifact peak, of unknown origin, at 210 bp began to appear in the red channel at these increased female DNA concentrations but did not preclude the ability to discern the male donor's profile. Importantly, these experiments demonstrate that even in the presence of an excess of female DNA it is possible, with MPIV, to obtain a Y-STR profile of the male donor.
Male/Male-Often there is more than one male contributor to a forensic casework sample. With traditional autosomal STR analysis, discerning the number of individual contributors in an admixture becomes increasingly difficult as the number of contributors exceeds two. However, since Y-STRs are inherited in a hemizygous manner resulting in one allele being found at most loci (i.e., excluding bi-and tetra-local loci), determining the number of male contributors in a sample is made relatively facile.
In order to demonstrate the detection of multiple male contributors, and also to determine the limits of detection of the minor component, male/male DNA admixtures from two unrelated individuals were tested at various ratios including 1/2, 1/3, 1/6, and 1/10, with 3 ng total DNA being amplified. For the 1/10 male/male sample, the minor component could not be seen. For the 1/1 (Fig. 5 ), 1/3, and 1/6 samples, two profiles could easily be discerned, with two allelic peaks being seen at a majority of the loci. Due to multiple, overlapping alleles, it is more difficult to determine the number of donors with the bi-and tetra-local loci, and their use for this purpose is not recommended.
Post-Coital
Cervicovaginal Samples-A novel DNA typing system needs to be tested using simulated or nonprobative casework material prior to use in actual casework. Since Y-STR typing can have a significant impact on the analysis of rapes and other sexual assaults, we decided to concentrate our initial efforts in this area. A series of post-coital vaginal swabs were collected from a female subject at 0 to 48 h (in 12-h intervals) after intercourse. The participant was instructed to carry out normal daily functions to allow for regular semen drainage and degradation to most accurately simulate the type of samples encountered in forensic casework. Using a differential extraction, the sperm and nonsperm DNA fractions were separated and amplified using MPIV. Approximately 3 to 5 ng of template DNA was amplified for each of the sperm fractions, and approximately 100 ng of template DNA was amplified for each of the nonsperm fractions.
As predicted, the DNA recovered immediately after intercourse yielded complete 21-locus MPIV male profiles from both the sperm and nonsperm fractions (data not shown). The 12-h sperm fraction produced a full 21-locus Y-STR haplotype with relatively strong, artifact-free allelic signals (data not shown). Importantly for casework applications, the sensitivity and specificity of the system was such that full 21-locus Y-STR profiles were obtained 24 ( Fig. 6A ) and 48 h (Fig. 6B) 
